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of Trypanosome RNA Editing
the mechanism and origin of trypanosome RNA editing
provide more comprehensive treatments of these topics
(Simpson and Maslov 1994; Stuart et al., 2001).
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The major breakthrough in determining the mechanismSchools of Medicine and Dentistry
of trypanosome mRNA editing came with the develop-Birmingham, Alabama 35294
ment of in vitro editing reactions (Seiwert et al., 1994;
Kable et al., 1996) (Figure 2). A rather clear picture has
emerged in which editing reactions initiate by the forma-
The assembly and disassembly of ribonucleoprotein tion of a short anchoring duplex of 10–15 bp between
complexes containing substrate precursor mRNAs the gRNA and its cognate mRNA. In the first enzymatic
and guide RNAs is crucial to the initiation and propaga- step, an editing-site-specific endonuclease recognizes
tion of RNA editing. We discuss here the composition the mRNA/gRNA anchor duplex and cleaves the mRNA
of these complexes and how their assembly may regu- 3 to the first unpaired nucleotide. Next, either terminal
late RNA editing. uridylyl transferase (TUTase) adds uridylate residues to
the cleaved pre-mRNA at an insertion site or 3 U-spe-
cific exonuclease removes uridylate residues from the
cleaved pre-mRNA at a deletion site. Finally, RNA ligaseRevision of the Central Dogma
rejoins the two halves of the mRNA. As a result of thisThe upshot of the central dogma of molecular biology
enzymatic cascade, the sequence information within theis that DNA encodes the information for the production
gRNA is transferred to the mRNA, generating a matureof RNAs, which provide the information for proteins. The
translatable mRNA. Since a single gRNA can direct thediscovery of trypanosome RNA editing in the late 1980s
editing of multiple sites, we assume that the cycle ofled to an addendum to the central dogma to accommo-
cleavage, addition/deletion, and ligation, is repeated atdate the posttranscriptional transfer of genetic informa-
the next mismatch with the overall directionality of RNAtion to precursor mRNAs. A flurry of studies followed
editing being 3 to 5 along the mRNA.these initial observations, showing that posttranscrip-
For pre-mRNAs that are extensively edited, numeroustional addition and deletion of uridylate residues modi-
gRNAs are required with editing directed by a down-fied 12 of 18 trypanosome mitochondrial mRNAs. The
stream gRNA often generating the sequence in the pre-extent of editing ranged from the rather modest four
mRNA complementary to the anchor region of a gRNAuridylate residues inserted at three sites, as described
for an upstream editing domain. For these extensivelyin the original report by Benne, to the insertion and
edited mRNAs, multiple gRNAs must interact with thedeletion of hundreds of uridylate residues, at dozens of
pre-mRNA in a successive fashion. Once a domain hasdifferent sites, for other trypanosome mRNAs (Benne et
been edited, the gRNA and mRNA form an extendedal., 1986). A universal feature of trypanosome RNA edit-
duplex that must be disrupted to allow interaction withing is the conversion of encrypted sequences to func-
the next gRNA.tional open reading frames. Thus, RNA editing is an
Does RNA Editing Occur withinessential process in trypanosomes necessary for the
a Ribonucleoprotein Particle?assembly of the mitochondrial electron transport ma-
By analogy to other RNA processing reactions, itchinery and oxidative phosphorylation.
seemed likely that trypanosome mRNA editing wouldSomewhat surprisingly, RNA editing requires informa-
involve RNPs containing gRNAs and pre-mRNAs. It wastion dispersed across both the mitochondrial and nu-
recognized that parallels could be drawn between try-clear genomes. The mitochondrial genome of trypano-
panosome RNA editing and the dynamic assembly andsomes is comprised of maxicircles, which encode
disassembly of small nuclear ribonucleoprotein parti-nonfunctional mitochondrial mRNAs, and minicircles,
cles (snRNPs) observed in sliceosome formation. Earlywhich encode small guide RNAs (gRNAs) that provide
evidence for stable RNA editing RNPs came from glyc-the information required to edit mRNAs. The protein
erol gradient sedimentation of mitochondrial lysates. An
components of the editing machinery are encoded by
RNP of 20S containing gRNAs, RNA ligases, editing
the nuclear DNA and are imported into the mitochon-
site endonuclease, TUTase, and 3-U-exonuclease ac-
drion. Thus, while RNA editing in trypanosomes is re- tivities was identified and was active in single round
stricted to the mitochondrion, nuclear encoded proteins insertional and deletional editing reactions. In these re-
participate in the reactions (Figure 1). actions, editing is dependent on the addition of cognate
In this article, we address the composition of trypano- gRNA and pre-mRNA (Seiwert et al., 1994; Kable et al.,
some RNA editing complexes and propose a ribonucleo- 1996; Panigrahi et al., 2001b). A second class of hetero-
protein particle (RNP) dependent pathway for RNA edit- geneous mitochondrial RNPs (35S to 40S) was also
ing. For simplicity, we have limited our discussion to the detected in mitochondrial extracts. These RNPs contain
RNA editing in African trypanosomes. Recent reviews on pre-mRNAs and several proteins in addition to the
gRNAs and proteins found in the20S complexes (Pol-
lard et al., 1992). It seems likely that these larger RNPs,1Correspondence: shajduk@uab.edu
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Figure 1. RNA Editing Requires Proteins and RNAs Encoded By
Mitochondrial and Nuclear Genomes within the Trypanosome
The catenated network of maxicircles and minicircles that make up
the kinetoplast DNA (kDNA) represents the mitochondrial genome.
Pre-edited mRNAs are transcribed from the maxicircles while the
gRNAs are transcribed from the minicircles. The blue circle repre-
sents editing complexes. Editing complex proteins are nuclear en-
coded and imported into the mitochondria (long arrow). The pre-
mRNA is edited to generate a translatable RNA.
Figure 2. Enzymatic Cascade Model of RNA Editing
containing both gRNAs and pre-mRNAs, are the native The pathway on the left depicts the three basic steps of insertion
mitochondrial RNA editing complexes (Figure 3). editing while the pathway on the right depicts deletion editing. Pre-
Interestingly, an unresolved issue in the field of try- mRNAs are shown annealed to a gRNA (below) which directs the
number of uridylate residues inserted or deleted. The arrowheadpanosome RNA editing is whether the 20S editing
indicates the position of the insertion or deletion. Uridylate residuescomplexes are stable RNPs. A seven polypeptide com-
added by TUTase (insertion) or removed by 3-U-exonuclease (dele-plex, lacking gRNAs, but with similar sedimentation
tion) are shown in red.
characteristics and enzymatic activities, has been de-
scribed (Rusche´ et al., 1997). It is possible that the seven
polypeptide complex represents a core complex of pre- coworkers also reported that regulated repression of
the 52 kDa ligase (TbMP52) influenced the accumulationassembled editing enzymes and structural proteins that
associate with gRNAs to form the high complexity RNPs of edited mRNA. Together, these studies show that the
52 kDa ligase is essential for survival of trypanosomesdescribed by others (Madison-Antenucci et al., 1998;
Panigrahi et al., 2001b). and appears to be directly involved in deletional editing.
Much less is known about the smaller, 48 kDa ligase. ItHow Many Proteins Does It Take To Edit An RNA?
Recent studies, using conventional protein purification, copurifies with the 52 kDa ligase in 20S complexes,
antibodies against the 48 kDa ligase coprecipitate thehomology modeling, and mass spectrometric analysis,
have focused on identifying the components of editing 52 kDa ligase, and the two are closely related at the
amino acid level (McManus et al., 2001). Functional anal-complexes. This is an important yet somewhat bewilder-
ing exercise since at least a dozen proteins have been ysis of the 48 kDa ligase is necessary to determine
whether it functions in insertional or deletional editingidentified that putatively contribute to RNA editing in
trypanosomes. reaction, and whether its expression is developmental
stage specific. To date, none of the genes for the otherThus far, the relevant genes have been identified for only
one of the four core enzymatic activities. In an impressive catalytic components of the editing machinery have
been identified.series of papers, from three different groups, the identifica-
tion and cloning of the genes for the 52 kDa and 48 kDa A number of potential editing complex proteins have
been identified by their ability to bind RNAs. The bestRNA ligases was reported (Rauche´ et al., 2001; McManus
et al., 2001; Panigrahi et al., 2001a; Schnaufer et al., characterized is a small gRNA binding protein, gBP21,
that specifically binds gRNAs with high affinity. A portion2001). While the ligases are found in the same com-
plexes, they are not functionally redundant, since ge- of the mitochondrial gBP21 is associated with the20S
RNA editing complexes, but the majority of gBP21 is notnetic knockouts of the 52 kDa ligase are lethal in both
insect and mammalian developmental stages of try- stably associated with editing complexes. Surprisingly,
genetic knockouts of gBP21 are viable and accumulatepanosomes (Huang et al., 2001; Schnaufer et al., 2001).
The role of the 52 kDa ligase in RNA editing was tested edited mRNAs normally (Lambert et al., 1999). A function
for gBP21 in RNA editing was recently elucidated inby replacement of the ligase gene with an enzymatically
inactive but structurally conserved gene. This mutation elegant biochemical studies revealing that gBP21 stimu-
lates the annealing of gRNAs and cognate pre-mRNAresulted in the loss of deletional editing without reducing
insertional editing (Huang et al., 2001). Schnaufer and (Muller et al., 2001). Thus, gBP21 may associate with
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Figure 3. Assembly of Editing Complexes
Polycistronic gRNAs (gRNAs, boxes; intergenic
region, black line) are shown binding to a core
protein complex to form a multifunctional20S
gRNA maturation complex (blue). Within the
complex, polycistronic gRNAs are processed
to monocistrons and a single is uridylate resi-
due (black dot) is added to the 3 end of the
gRNA (Grams et al., 2000). Similarly, polycis-
tronic pre-mRNAs (intergenic regions, black
box) associate with maturation protein to
form a complex (yellow). Processing of
gRNAs generates a pool of RNP complexes
that contain gRNAs and core catalytic en-
zymes required for editing (gRNP). A gRNP
complexes associates with a pre-mRNA
complex to form a 35S–40S editing complex.
Association is via anchor duplex formation
between the gRNA and pre-mRNA. In the
presence of cognate pre-mRNA, a poly(U) tail
(black dots) is added to the gRNA and a do-
main of the pre-mRNA is edited as directed
by the gRNA. Uridylate residues added to the
pre-mRNA within one editing domain are shown
in red. Once editing directed by one gRNAs is completed, the gRNA containing RNP dissociates from the RNP containing the mRNA. Partially
edited mRNA, with associated proteins, contributes to the pool of complexes that contain both pre-edited and partially edited mRNA complexes.
Complexes from this pool associate with a new gRNA-containing complex for another round of editing. Uridylate residues added to the pre-
mRNA within another editing domain are shown in green. Once all of the domains have been edited, the fully edited mRNA is released from
the complex.
editing complexes to promote the annealing of gRNA swapping. While it is clear that these proteins are com-
ponents of editing complexes, their functions are cur-and pre-mRNA and then disassociate from the complex.
In this role, gBP21 may serve as an accessory factor rently unknown.
Not all mitochondrial proteins involved in RNA editingfacilitating assembly of editing complexes but only tran-
siently associating with the RNPs. Since the genetic need be integral components of RNA editing complexes.
Once editing has occurred at all the sites directed by aknockouts are viable, gBP21 is not essential, perhaps
because other RNA binding proteins can contribute to given gRNA, the gRNA and mRNA form a duplex of
30–45 base pairs. Since it is unlikely that the two RNAsgRNA/pre-mRNA annealing in its absence.
Two RNA binding proteins are found primarily in the would dissociate spontaneously, it was proposed that
a helicase activity would be associated with editing.larger 35S to 40S editing complex. The first is a 75
kDa protein (TBRGG1) that contains 5 repeats of the There is evidence for the involvement of a helicase from
gene disruption experiments. Genetic-knockout mu-RGG RNA binding domain and binds preferentially to
oligo(U) (Vanhamme et al., 1998). TBRGG1 is found in tants, for a mitochondrially localized helicase, mHel61p,
were shown to have reduced levels of edited mRNAthe trypanosome mitochondrion and cosediments with
editing activity. The second RNA binding protein found (Missel et al., 1997). However, when mitochondrial ex-
tracts were assayed for RNA editing, the mHel61pin 35S to 40S complexes is RNA editing associated
protein-1 (REAP-1). REAP-1 preferentially binds to pu- knockout mutants showed normal activity. While seem-
ingly contradictory, the results are consistent with arine rich sequences in pre-mRNAs, raising the interest-
ing possibility that REAP-1 may facilitate the formation postcatalytic role for mHel61p, which would not be nec-
essary in the single-round editing assay. Curiously, theof mature, 35S to 40S (Madison-Antenucci et al.,
1998; Madison-Antenucci and Hajduk, 2001). mHel61p knockouts are viable, indicating that either
mHel61p is not required for editing in vivo or that anotherSeveral additional putative editing complex proteins
have recently been purified and characterized by mass activity can compensate for its loss.
Is Editing Complex Assembly and Disassemblyspectrometry (Panigrahi et al., 2001b). Trypanosome mi-
tochondrial proteins of 81, 63, 42, and 18 kDa copurify the Normal Cycle?
The mitochondrion of trypanosomes contains multiplewith deletion and insertion editing activity. Remarkably,
although the four proteins show no sequence homology RNPs sharing the same protein and RNA components.
This suggests there may be a dynamic equilibrium be-to other proteins, they do show homology with each
other. Three of the four proteins (p81, p63, and p42) tween complexes consisting of editing enzymes, struc-
tural proteins, substrate mRNAs, and gRNAs beinghave a Zn finger domain near the amino terminus. The
18 kDa protein shows 41% identity and 60% similarity assembled into functional editing complexes. While un-
proven, there is good evidence for the 35S to 40Sto the carboxy-terminal region of p42. All four proteins
show sequence similarity in their C-terminal domains. RNP being the editing machine. Despite some seemingly
conflicting data, an appealing model for RNA editing isThe conserved sequences in these proteins suggest
they may have evolved from a common ancestral protein the assembly of gRNA containing RNPs with pre-mRNA
containing RNPs to form the 35S to 40S editing com-or may have acquired common sequences by motif
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plex. The initial step in the pathway may be the assembly Schnaufer and coworkers suggest that either blood-
of a core complex of editing proteins with gRNAs. The stream trypanosomes need to edit mitochondrial mRNA
RNA deficient, seven polypeptide protein complex de- or that the RNA ligase has an unrelated function in the
scribed by Sollner-Webb’s group is a candidate for such nucleus. Regardless of its function in bloodstream try-
a protein complex (Rusche´ et al., 1997). Interestingly, panosomes, the study of the RNA ligases and other
this RNP may also function in processing polycistronic editing complex proteins will provide a powerful tool to
gRNA transcripts, and suggests a physical coupling of study the function of mitochondria in trypanosomes.
gRNA maturation with RNA editing (Grams et al., 2000).
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